Mangrove ecosystem responses to tropical cyclones have been well documented over the last 16 half a century, resulting in repeated measures of tree mortality, aboveground biomass reduction, 17 and recovery by species, size, and geomorphology. However, no studies have investigated the 18 role of urbanization in mangrove hurricane resistance and resilience, despite increasing 19 urbanization of tropical shorelines. This study gauges the initial response and short-term 20 recovery of Puerto Rico's mangroves along well defined and quantified urban gradients 21 following the 2017 hurricane season. Survival probability of tagged trees decreased with time, 22 and the mean mortality across all sites was 22% after eleven months. Mean canopy closure loss 23 was 51% one month after the hurricanes, and closure rates also decreased with time following 24 the storms. Aboveground biomass accumulation decreased by 3.5 kg yr -1 per tree, corresponding 25 to a reduction of 4.5 Mg ha -1 yr -1 at the stand level. One year later, the mangroves have 26 recovered to 72% canopy closure and to nearly 60% of their pre-storm growth rates. No 27 connection to urbanization could be detected in the measured dynamics. Instead, species, size 28 and geomorphology were found to play a role. Larger trees suffered 25% more mortality than 29 smaller size classes, and Laguncularia racemosa suffered 11% less mortality than other species.
Introduction 1
Tropical cyclones are sources of repetitive disturbance in coastal communities around the 2 world, with US$26 billion spent annually on damages to property and infrastructure inflicted by 3 these storms (Mendelsohn et al. 2012 ). This figure is expected to double by 2100 due to an 4 ongoing migration of the global population towards tropical cities, putting more lives and 5 property within the reach of cyclone disturbance (Mendelsohn et al. 2012) . Coastal wetlands 6 have been shown to reduce the damages to infrastructure and property caused by tropical mangroves across the island, as well as propose potential management considerations for 1 optimizing the provisioning of protective services to the island's infrastructure and inhabitants. Study sites consisted of 20 one-hectare forested mangrove areas along quantified urban 4 gradients in three watersheds of Puerto Rico (Figure 1b , Table 1 ). Urbanization at each site was 5 defined by an urban index (Branoff 2018) (Figure 1c ), which was calculated using surrounding 6 (within 0.5 km) population density, road length, and urban, open water, vegetated, and mangrove 7 land covers. The most urban sites were classified as those in the 75 th percentile of the urban 8 index, the least urban were those in the 25 th percentile, and urban were all other sites within the 9 25 th to 75 th percentiles of the urban index. All sites were located along a shoreline, thus 10 restricting their classification as fringe systems, but hydro-geomorphological settings were 11 classified as partially restricted or fully open to tidal influence, and as canal or embayment (e.g. 12 lagoon, bay, ocean etc.) as described by (Branoff 2018) . Ten 5 m radius circular plots were 13 established at each site and their vegetation structural and compositional characteristics are 14 described in (Branoff and Martinuzzi 2018) . In general, L. racemosa represents 51% of the trees 15 in these forests, followed by R. mangle at 29%, A. germinans at 9%, and Thespesia populnea at 16 7.5%. The remaining trees are represented by twenty-five additional, non-halophyte species. 17 There were no differences in species composition, dbh, stem density, basal area, or aboveground 18 biomass between watersheds. Field measurements of tree size and canopy closure as described 19 below commenced on different dates but were taken concurrently thereafter, with an average 20 frequency of 100 days. 21 Tree growth was measured using stainless steel band dendrometers as described by 22 Cattelino et al (1986) . Ten dendrometers were installed at each site from May to July of 2017, 23 6 1 Figure 1 Hurricanes Irma and Maria subjected Puerto Rico to hurricane force winds within two weeks of each other (a), with Maria being the worst natural disaster in Puerto Rico's history. Study sites consisted of 20 one-hectare forested mangrove sites in three watersheds of Puerto Rico, representing one of four potential hydrogeomorphologies (b). Maria passed within 25 km of Levittown sites, and with 45 km of Ponce sites. Sites were placed along a gradient of urbanization, as defined by an urban index, to maximize the difference between the most urban and least urban sites (c). resulting in 200 dendrometers across the three watersheds. Trees were selected to represent as 1 many species and sizes of each species at each site as possible. The minimum, median, mean, 2 and maximum diameter at breast height (dbh) of dendrometer trees were 3, 13, 15.2, and 54 cm, 3 respectively. The same statistics for the 9,400 trees measured at all sites were 1, 4.6, 6.7, and 54 4 cm. Thus, the dendrometers represent a bias towards larger trees due to the difficulty of 5 accurately banding those smaller than 5 cm diameter. Tree diameters were classified into size 6 Aboveground biomass accumulation before the storm could not be integrated due to too few 10 measurements and was instead taken as the mean growth rate multiplied by the time duration.
11
Aboveground biomass accumulation at the stand level was calculated for each site by taking the As with tree growth, canopy closure was interpolated to a monthly frequency based on the rate of 20 change between measurements. of the year. As of eleven months following the hurricanes, overall mean mortality across all 18 tagged trees was 22% and the only significant differences found were between size classes 19 (ANOVA; p<0.05) ( Figure 2 , Table 2 ). The largest size class of 20-54 cm dbh experienced the 20 greatest mean mortality rate of 33%, which was significantly different than the intermediate class mean mortality of 32%, followed by the smallest class of 3-8 cm at 17%. Differences by species 3 were barely insignificant (ANOVA; p = 0.07). A. germinans exhibited the highest mean 4 mortality of 38%, followed by R. mangle at 28%, L. racemosa at 14%, and non-mangrove 5 species at 11%. Mortality was also insignificant by watershed, urbanization (ANOVA; p > 0.5), 6 distance from storm track (linear model; p > 0.1), or total wind energy (linear model; p>0.5).
7
Still, San Juan and Levittown each experienced more than double mean mortality, at 28% and 8 23%, respectively, in comparison with Ponce at 9%. Juan sites due to LiDAR availability and was 51% (Figure 3 ). There were no differences in mean 12 canopy loss between average tree size (ANOVA; p > 0.1) or urbanization (ANOVA; p > 0.5).
13
But sites dominated by A. germinans lost 11% more canopy closure than sites dominated by L. closure than those in restricted systems (ANOVA; p < 0.001). As with mortality, there was also 18 no relationship between distance to storm track or cumulative wind energy with canopy loss 19 following the storm (linear models; p > 0.5).Overall canopy recovery averaged 2% per month, 20 but this rate decreased progressively with time following the hurricane (Figure 3 ). Recovery was 21 fastest for the first three months following the hurricane, at 3.4% closure per month. From the 22 fourth to the sixth month, recovery was 2.8% per month, from the sixth to the ninth month it was 23 1.5% per month, and from the ninth to the eleventh month it was 1.3% per month. Overall 24 canopy closure one year after the storms was 72% (Table 3 ). There were no differences in Measurements before the storm were obtained by LiDAR, which was only available for San Juan, and those after by hemispherical photos. Canopy closure loss was highest in A. germinans forests and in those of tidally restricted geomorphologies. The only difference in canopy closure recovery rates was detected in forests dominated by A. germinans and R. mangle, which closed slower than all other forest types. Overall, closure to 80, 90, and 95 % can be expected in 3.6, 9.7, and 16 years, respectively, but some forests may take considerably longer. overall canopy recovery rates by 27 geomorphology or watershed (ANOVA; p > 28 0.5), and as with initial canopy loss, there also 29 were no differences between mean tree sizes 30 or urbanization (ANOVA; p > 0.5). There 31 were however, differences in recovery rates by 32 species composition, with forests dominated 33 by R. mangle expressing the slowest recovery 34 rate at 1.1%, slower than all other forest types 35 (ANOVA; mean difference = 1%, p < 0.05). L. 36 racemosa showed the highest recovery rate at 37 2.4% per month, followed by mixed forests 38 and forests of A. germinans, both at 2.0%.
39
Thus, L. racemosa dominated forests are 40 forecasted to recover fastest to pre-hurricane 41 canopy closure, reaching 80%, 85%, and 95% 42 closure within 1.7, 4, and 6 years, 43 respectively. All other forests will likely take longer than twenty years to reach these milestones.
44
Growth 45 Mean and median tree growth rates dropped by 2.3 kg/yr and 0.6 kg/yr, respectively, 46 from the first two measurement made before the hurricanes to the first measurement after ( Figure   47 4). Differences in mean change in growth rates from before and one month after the storms were 48 detected between species, size, and geomorphology. Non-mangrove species accelerated growth 49 Table 3 Mean and standard error percent canopy closure in the forests as measured by LiDAR before the hurricanes, and as measured by semi-hemispherical photos at ten days and eleven months following the hurricanes. 
Site

57
In comparing the year of growth following the storm, there was an overall decrease in 58 aboveground biomass accumulation compared to before the storm. Integration of growth rates 59 before the storm was not done for lack of measurements, but the mean of growth rate 60 measurements before the storm was 9 kg/yr. Integration of rates after the storm resulted in a Mg ha -1 yr -1 before the storm to 23 Mg ha -1 yr -1 after ( Figure 5 , Table 4 ). While most forests 65 decreased accumulation rates following the storms, forests in Levittown, Ponce, and of mixed 66 species increased rates. None of the differences, however, between before and after stand level 67 aboveground biomass accumulation were significant.
68
Discussion
69
In the first month following hurricane Maria, the mangroves of Puerto Rico experienced a 70 mean canopy closure loss of 51%, and a mean reduction in aboveground biomass accumulation 71 of 2 kg yr -1 per tree (Figure 2 ). In the following twelve months, 22% of the tagged trees have 72 died, but forest have recovered to 72% canopy closure and to nearly 60% of their pre-storm 73 19 growth rates. There was only one detected difference between the most urban and least urban 74 sites in the tested metrics, suggesting urbanization plays a minimal role in the tropical cyclone 75 resistance and resilience of Puerto Rico's mangroves. Instead, tree species, size, and hydro-76 geomorphic setting were found to explain many of the detected differences between forests.
77
Overall, L. racemosa suffered minimal mortality and canopy loss, and recovered more quickly in 78 comparison to the other species. A. germinans, however suffered the greatest mortality and 79 canopy loss, and along with R. mangle, is recovering slower than the other species. All metrics 80 continue to be monitored and their initial patterns, alongside previous findings, will help 81 determine system recovery over the coming years as well as guide mangrove management to 82 maintain protective services to densely populated areas following tropical storm disturbances.
83
Figure 5
Stand level aboveground biomass accumulation across all groupings before and after the hurricanes. Before values are the means of two measurements taken before the storms. After values are integrations of the curves from Figure 4 . Median values are indicated by the bar in the boxplots and means are written above each box. Mean aboveground biomass accumulation dropped across most sites, but increases in Levittown, Ponce, and in mixed forests suggest post-disturbance regrowth has outpaced pre-storm forests. None of the differences between pre and post-hurricane aboveground biomass accumulation were significant.
20
Differences in initial canopy loss and mortality 84 between species were substantial, and in some cases (McCoy et al. 1996) or hurricane Hugo in Guadalupe (Daniel Imbert et al. 1996) . In parallel, L.
106 1994; McCoy et al. 1996) . These contradictions may come from differences in how mortality 109 was determined and after differing lengths of time, but also from differences in habitat types, 110 which has been found to significantly influence interspecific mortality (Armentano et al. 1995; 111 Smith III et al. 2009 ). This might explain why open embayment systems suffered less canopy 112 loss and mortality than tidally restricted canal systems in this study.
113
As with species, size was another important explanatory variable in initial mortality.
114
Larger individuals of all species suffered greater mortality than smaller individuals. A number of 115 studies have shown that large mangrove trees (dbh > 10cm) are more susceptible than smaller 116 trees to canopy loss and mortality following hurricanes (Roth 1992; Smith et al. 1994; McCoy et 117 al. 1996) . The consistency of this pattern among previous studies as well as this one, gives 118 further weight to the hypothesis that Caribbean mangrove height is partly dependent upon 119 hurricane frequency, with larger trees selected against due to their greater susceptibility (Odum 120 and Pigeon 1970; Lugo and Snedaker 1974; Doyle and Girod 1997) . Thus, it seems pertinent to 121 consider larger trees at a greater risk to hurricane mortality, and this should be considered when 122 evaluating the potential loss of mangrove ecosystem services along densely populated shorelines.
123
With a mean mortality of 22%, Puerto Rico's mangrove's seem to have fared better than 124 those after other storms, whose mortality ranged from 25% to 90% (Craighead and Gilbert 1962; 125 Roth 1992; Smith et al. 1994; Armentano et al. 1995; Sherman et al. 2001; Daniel Imbert 2018) .
126
Although this point may be due to differences in survey methodologies, the definition of 127 "mortality", and/or study lengths between studies, Puerto Rico's presence at the far lower 128 extreme of this range is notable. While partial and complete mortality following the hurricane is 129 22 likely due mostly to interspecific and inter-size differences in susceptibility, as well as some 130 contribution from geomorphology, it does not seem to be influenced by urbanization. Distance or 131 wind energy also were not significant predictors of tree death, canopy loss, or recovery. This is 132 surprising given the differences in wind power between Ponce and the northern coast sites (Van 133 Beusekom et al. 2018), which is consistent with a lower mortality at Ponce. This may reflect an 134 inadequate tree sampling size and/or inaccuracy in the wind power model.
135
As with initial mortality and canopy loss, size and species were significant predictors of 136 differences in mangrove recovery across the forests. Non-mangrove species grew faster than 137 mangroves (Figure 4 ). This may be explained by the extended depth and presence of freshwater 138 lenses in the mangroves following the storms. This freshwater, along with an excess of 139 understory sunlight, allowed existing non-halophytes to thrive (Lugo 1999 Hydro-geomorphology was also a consistently significant predictor of differences in 154 initial mangrove mortality and subsequent recovery. Initial canopy loss was greatest in restricted 155 systems with only partial tidal connectivity (Figure 2 ), but trees in these forests then grew 156 quicker than those in other forests following the storms (Figure 4 ). This may be due to 157 differences in hydrology and surface water chemistry in these forests, both of which are known 158 to play important roles in mangrove function (Lugo and Snedaker 1974; Wolanski et al. 1993) .
159
Other studies have shown riverine and fringe mangroves to suffer less mortality than basin mortality and low regeneration rates. Instead of canopy closure through existing tree growth in 172 these forests, gaps will likely experience high recruitment rates that will result in a longer canopy 173 closure timeline (Lugo et al. 1976 ). In the meantime, although most forests have experienced a dip in stand level aboveground biomass accumulation following the storms ( Figure 5 ), some 175 have increased accumulation and will likely continue to do so as the post-disturbance 176 environment favors high recruitment and growth in surviving trees. As a result, post-hurricane 177 forests may not resemble their pre-storm characterizations, and will likely instead experience 178 shifts in species distributions and structure that persist for decades if not centuries (Smith et al. 
180
Although urbanization has been found to be influential in forest ecology and disturbance, 181 this study found little evidence of such an influence. Highly urban mangrove forests could be 182 deemed neither more nor less susceptible to hurricane mortality or canopy loss. Instead, the usual 183 suspects of species, size, and geomorphology, were more strongly identified as influential in 184 determining initial response and short-term recovery of hurricane disturbed mangroves in Puerto
185
Rico. This implies that it may not be necessary to strongly consider surrounding urban land inconsistencies between the findings of this study and those of others, point to a need for more 192 studies of mangrove ecology along well-defined urban gradients. Such studies include the 193 continued monitoring of these forests for long-term successional and recovery dynamics, as well 194 as pre-storm baseline measurements in strategic locations within tropical cyclone prone areas.
195
Doing so will provide much needed information on the role of social influences, in addition to 196 25 ecological ones, in the protective services of mangroves, thus allowing managers to make more 197 informed decisions towards optimizing social-ecological mangrove ecosystems.
198
